Introduction
Development of wind energy has grown rapidly in China over the last decade. By the end of 2013, the total capacity of wind power in China had increased to 91.4 GW, exceeding that of the US by 30 GW [1] . Despite this, wind farms in China produced almost 20% less electricity than those in the US in the same year [1] . A primary factor in the low efficiency of wind farms in China results from significant curtailments of wind power in three northern regions of the country, where more than 86.4% of the national capacity for wind power is deployed. In these regions, coal-fired combined-heat-and-power (CHP) plants account for most of the electricity delivered to the power system. In winter, these plants must operate at nearly full capacity to meet the demand for building heat (delivered as hot water through district heating systems), and by design must produce electricity at the same time. Facing a potential oversupply of electricity, occasioned by the demand for heat from these CHP plants, wind farms are often idled in China at precisely the time when their output could be highest, as wind conditions are most favorable in winter. Close to 17.1% and 10.7% of the total wind power available from China's wind systems were curtailed in 2012 and 2013, respectively, resulting in estimated financial losses of 1.72 and 1.41 billion US dollars [2] (with an assumed electricity price of US 8.6¢/kWh for Chinese wind power).
This paper explores options to reduce the extent to which windgenerated power is curtailed in West Inner Mongolia (WIM), adopted as a representative example of the three northern regions where China's wind power potentials are greatest [3] . WIM has experienced a rapid expansion of capacities for both wind power and CHP over the past decade. The capacity of wind power in WIM increased from 0.04 GW in 2003 to 10 .85 GW in 2013, corresponding to an annual growth rate of 74% [4] . CHP capacity in the region grew from 4.5 GW in 2003 to 26.1 GW in 2013, quintupling over the same time period [5] . In 2013, the generating capacity of the WIM power system totaled 48.8 GW, with 22.2% from wind and 53.6% from CHP units [6] with lower contribution from conventional coal units (20.4%), natural gas (2.1%) and hydro (1.7%). The fractions of wind power curtailed in 2012 and 2013 were 26.0% and 12.2%, respectively [2] . Electricity produced in the WIM system primarily serves local demand, with a small fraction exported to the larger North China Gird (approximately 16% of generation). Planning documents project that demand for electricity for WIM will increase from 155 TW h in 2012 to 351 TW h in 2020, based on assumed annual average growth rates of 10.2% from 2012 to 2015 and 9.3% from 2016 to 2020 [7] . The capacity of wind power in the WIM region is projected to increase from the 2013 level of 10.9 GW to 20 GW by 2015, reaching 40 GW by 2020 [7, 8] . At the same time, investment in CHP plants is projected to continue to meet the increasing demand for both hot water and electricity (see the supporting information, SI). This trajectory clearly poses a serious challenge to integrating the increasing supply of wind power in the future WIM power system.
The present study takes the WIM power system as a case in point to explore the benefits that could be realized by incorporating pumped hydro storage facilities (PHS) and electric boilers (EB) in the overall power system. PHS could provide an opportunity to store electricity when supply exceeds demand and to generate electricity when there is a shortfall in supply, reducing wind curtailments [9] . Current PHS capacity in China amounts to 16.9 GW, and is projected to increase to 50 GW by 2020 [10] . Much of this additional capacity is planned for the eastern and southern regions of the country, with only 16 GW under consideration for the north. A 1.2 GW PHS system began operation in WIM in Jan 2015 [10] . EBs could utilize the wind power that may have been curtailed to produce heat, and at the same time cut back the heat demand of CHP generation to further increase its flexibility. A limited number of EBs have been deployed in China's three northern regions to explore the role these systems could play in reducing curtailment of wind power [11] [12] [13] . The objective of this study is to identify the combination of wind power, PHS, and EBs in the WIM region that could obtain the most cost-effective generation of electricity and the most cost-effective reduction in emissions of CO 2 .
A number of studies have explored the benefits of PHS and EB in accommodating wind power in the regional power systems of China, US, and some European countries [14] [15] [16] [17] [18] [19] [20] . Zhang et al. [14] analyzed the investment and operational costs of introducing PHS at capacities varying from 2.1 GW to 6.9 GW in the Jiangsu provincial grid in 2020, with 10 GW of installed wind power capacity. Their results not surprisingly indicated that curtailments of wind power would decrease with the increasing capacity of PHS facilities. A study by Tuohy and O'Malley [15] found that introduction of 500 MW of PHS in the Irish power system would likewise reduce the curtailment of wind power. They concluded further that the capital costs of PHS facilities could be justified by savings in wind curtailment at wind penetration levels at or above 50% of total power generating capacity. Ummels et al. [16] , using a central unit-commitment-and-economic-dispatch optimization model, explored a number of possible options to integrate 6-9 GW of wind power into the Dutch system by 2020. They found that installation of EBs at CHP facilities could increase the operational flexibility of these units, providing a cost-effective means to integrate large-scale wind power in the power system of Netherlands. The optimization analyses in these studies sought to minimize the overall costs of introducing these refinements. They did not however consider the costs of avoided emissions of CO 2 .
Compared to current study, the contribution of the paper is threefold:
(1) An improved chronological approach was adopted to simulate the year-round operation for the power system as well as residential heating supply in a CHP-intensive power system, such as the WIM.
(2) The hourly data for electric load, air temperature and wind power were used for a practical simulation of the WIM power system. (3) The optimal combination of PHS and EBs was investigated for the first time in an inflexible, CHP-dominated, high-wind-capacity power system in China, with the objectives achieving least costs for both operation and CO 2 reduction.
The current study will analyze the year-round operation of the WIM power system using an improved unit commitment (UC) model simulating chronological system operations and employing hourly inputs of available wind power and heat load [14] . This model determines the optimal operation of the electric power system in terms of the on-off status and hourly outputs for each generator, the pumping and generating modes of PHS facilities, and the required curtailments of wind power, in order to minimize the operational costs for the entire WIM power system. Constraints considered in the UC mode include: (1) balance of load and generation; (2) hourly requirements for reserves; (3) operational limits for each generator; and (4) constraints imposed by reservoir sizes for both conventional hydro and PHS facilities. The treatments of CHP, PHS, EBs, and wind power are formulated to reflect practical details of operations of the WIM system. Details of the UC model and the settings of the operation simulation are described in the SI.
We chose a business-as-usual (BAU) reference case that assumes, consistent with official plans, that the CHP capacity will increase from 22.4 GW in 2012 to 33.8 GW in 2020 to supply incremental demand for heat and that the capacity of wind power facilities will increase to 20 GW in 2015 and remain at this level until 2020. The BAU reference does not consider possible deployment of PHS and EBs over this period. We assume that the balance of the electric power demand is supplied by conventional coal-fired power plants. Alternative scenarios explored here will consider a range of different deployment conditions for wind power, PHS, and EB, grouped under three categories (WIND, WIND+PHS, WIND40+PHS+EB). Details of the assumptions in the BAU and in these alternative scenarios are summarized in Table 1 . For each alternative scenario, savings in the CO 2 emissions and associated costs will be evaluated as compared to the BAU reference.
Data and methodology

Hourly wind data
Wind data are derived from the NASA-assimilated meteorological database (GEOS-5) [21] . This database defines hourly wind speeds with a spatial resolution of 1/3 degree longitude by 1/4 degree latitude. Hourly wind speeds at 100 m height are extrapolated from 50 m, using the vertical profile of the power law described by Archer and Jacobson [22] . Associated friction coefficients are estimated using the wind speeds represented at 10 m and 50 m for each grid cell [23] . Wind power is computed hourly using the power curve for GE 2.5 MW wind turbines, a typical system deployed with onshore applications [24] . In this analysis, we consider only areas where the potential wind power capacity factor is 30% or greater. Areas that are forested, covered with water, urban or otherwise settled, or characterized by slopes of more than 20% are excluded [25] . Hourly wind power outputs for 2020 are assumed to follow the same pattern as in 2009.
Hourly demand for electricity and heat in the WIM region
Electricity consumption in the WIM region is projected to increase from 127.8 TW h in 2012 to 295.6 TW h in 2020 [4] . The hourly variation of load in 2020 is assumed to follow the same pattern as in 2012. In addition, export of electric power from the WIM region to the North China gird is expected to reach 55.48 TW h, doubling the level that applied in 2012 [6] .
Demand for space heating is determined by the difference between indoor and outdoor temperatures. Regional building codes require that indoor temperatures be maintained at a minimum of 18°C [26] . The hourly heat load responds primarily to variations in ambient temperatures. The hourly ambient temperature is averaged for the entire WIM area using temperature at 2 m level derived from GEOS-5 from each grid cell, weighted by the population density in the region. We assume further that the pattern of temperature variation in 2009 can be used to represent that for 2020. The total heating capacity requirement is determined by the maximum demand for heat when the ambient environment is at its coldest (À20°C) [26] . The peak heat demand for CHP generation is projected to increase from 10.38 GW in 2011 to 20.63 GW in 2020, extending the average annual growth level of 1.14 GW observed from 2005 to 2011 [27] .
PHS modeling
Operation of the PHS facilities was modeled using the parameters of a typical PHS station in the WIM region [28] . Each turbine of the PHS facilities has a capacity of 300 MW. Three modes define the operational status of the PHS at any given time: generating, pumping, or off. In generating mode, the power output of each PHS turbine can range from 0 MW to 300 MW. In the pumping mode, however, the PHS turbine consumes power at a constant rate (300 MW) since the pumping motor can run only at a fixed speed. The size of the upper reservoir capacity is assumed large enough to support the generators running at full capacity for 5.26 h, with the round-trip energy efficiency taken as 75.1% [27] .
CHP modeling
The existing CHP facilities in the WIM region are dominated by extraction condensing turbines (ECT; about 97% in capacity), with a small portion of back-pressure turbines (BPT) (See the SI). ECT is able to support a higher capacity (more than 100 MW) and a more complex operation mode relative to BPT [29] . A typical operation zone of an ECT adopted in the study during the heating season is illustrated in Fig. S.1 , which defines the maximum and minimum bounds of the electric power output of the CHP at each level of heat output ranging from 0% to 100% [29] . For each heat output level, the lower limit for the main steam inflow to the high-pressure cylinder is constrained by the lowest steam inflow to the lowpressure cylinder without causing cavitation damage, and as a result the lower bound of the electric power increases linearly with the increasing heating power. As illustrated in Fig. S.1 , the range of electric output of the CHP narrows as the heat output increases. By design, CHP facilities must operate close to their maximum heat capacity, making them extremely inflexible for compensating the variability of wind power.
EB modeling
The operational scheme for the EBs is designed to use wind power that may otherwise be curtailed. The EBs add extra electric load to the original demand of the BAU, and simultaneously reduce the requirements of heat supply from the CHP facilities. As a result, the CHP facilities would be able to generate electricity more flexibly (see Fig. S.1) , and therefore better compensate the variability of wind power. To simplify the case, the simulation assumes that the EBs only operate using wind power generated in excess of 50% of the aggregate nameplate capacity The heat demand required from CHP generation is cut back according to the amount of heat generated by EB.
Cost parameters
Variable costs for thermal generators, CHPs, and gas turbines considered in the UC model relate primarily to the expense of fuels. The relationships between generation efficiency and capacity factors are formulated using quadratic cost curves [30] . The on-off costs for coal-fired power plants and CHP facilities are considered in the objective function of the UC model. CO 2 emission factors are taken as 2.66 kg CO 2 per kg of standard coal in conventional coalfired and CHP power plants, and as 2.19 kg CO 2 per m 3 of natural gas in gas-fired plants [31] . The variable costs of wind and hydro power are assumed to be zero. Other parameters relevant to the generating units such as capital cost, operation and maintenance (O&M) cost, on-off cost, and the coal/gas consumption rates are summarized in the SI.
The differences of the annualized costs (including capital investment, fuels, and O&M) for the alternative scenarios and the BAU reference case were calculated (DC s ). Costs of reduced CO 2 emissions for alternative scenario relative to the BAU are expressed through Eq. (1.2):
where DC s is defined above and E CO 2 BAU and E CO 2 s represent the system CO 2 emissions associated with the BAU and the alterative scenario, respectively.
Results
WIND scenarios
The WIND scenarios were designed to investigate the potential challenges that the WIM power system would face with large-scale integration of wind power without new PHS or EBs. The dispatches of CHP power plants, thermal power plants, and wind facilities were simulated on an hourly basis to meet the electric load projected for the WIM region in 2020. Fig. 1 summarizes dispatch results of the WIM power system with wind capacity of 40 GW, the planning target for wind power set by the local government for 2020. As displayed in Fig. 1a , outputs of CHP serve a large portion of the base load when temperatures are low during the heating season, and when available outputs of wind power tend to be high (see the SI). As a result, the power system is often unable to fully accommodate the available wind power due to limited residual electricity demand left after dispatch of CHP plants. The nonheating season (summer) reflects a different pattern, as indicated in Fig. 1d : conventional coal-fired power plants, which have relatively high operational flexibility compared to CHP plants, supply a large share of the load. At the same time, the contribution of wind power is smaller. As a consequence, curtailments of wind power occur infrequently. More detailed results concerning hourly and monthly wind curtailments for both the BAU reference case and the 40 GW WIND case are summarized in the SI.
Annual curtailments of wind power increase rapidly as penetration levels for wind power rise (see Fig. S .5 in SI). At a wind penetration level of 20 GW, as defined in the BAU reference case, approximately 5.8% of the available wind power would be curtailed annually. At a wind capacity of 40 GW, the fraction of wind energy curtailment would rise to 20.3%. To put this into context, in 2013 approximately 12% of the potentially available wind power was curtailed in the WIM power system, under conditions where the installed capacity of wind power had reached a level of 10.9 GW [2] . The curtailment fraction would increase to 45.8% if the installed wind capacity increased to 80 GW in 2020, a waste in this case of over 100 TW h of effectively free, non-carbon electric power. The corresponding financial loss could be as great as US $8.6 billion, based on the benchmark price for wind power of US 8.6¢/kW h in the WIM region. CO 2 emissions from the entire WIM power system exhibit a declining trend with increasing contributions of power from wind, reflecting increasing displacement of power from both coal-fired CHP and conventional power plants. The unit costs of CO 2 Fig. 2 . Annual CO 2 emissions and cost for reduction of CO 2 emissions with the capacity of wind power ranging from 20 GW to 80 GW in the WIM power system in 2020. Fig. 3 . Curtailed fraction of total wind power as a function of wind capacities from 20 GW to 80 GW and four PHS capacities. reductions relative to the BAU reference increase as a function of capacity levels of wind power, due primarily to increasing curtailment of wind power together with increasing costs associated with cycling of thermal generation. As illustrated in Fig. 2 , costs for reducing CO 2 emissions increase from US $17.8 per ton at a wind power capacity of 30 GW, to US $25.3 per ton at 40 GW, rising further to US $53.6 per ton at 80 GW.
WIND+PHS scenarios
To address the challenges illustrated in the WIND scenarios, potential benefits from the electrical storage capacity of PHS were investigated in the WIND+PHS scenarios. At each wind capacity level, the UC model simulates the WIM power system under three different PHS capacities: 1.2 GW, 2.4 GW, and 3.6 GW. Curtailment of wind power was calculated for each scenario, with results plotted in Fig. 3 compared to those for the WIND scenarios without PHS (the orange line). In a system with a 40 GW capacity of wind power, the fraction of curtailed power would decline from 20.4% with zero PHS to 15.7% with 3.6 GW of PHS, allowing exploitation of 6.26 TW h of otherwise-curtailed wind-generated electricity. Fig. 3 also reflects declining marginal effects of increased PHS storage on reducing wind curtailments. This raises two interrelated questions regarding prospective PHS expansion in the WIM power system: (1) what factors influence the benefits of PHS storage in integration of wind power?; and (2) what is the optimal PHS storage capacity for a given level of wind capacity?
To answer the first question, the hourly operating conditions of PHS facilities were modeled, minimizing operational costs for the entire WIM power system. Results for a combination of the 2.4 GW PHS capacity and 40 GW wind capacity are illustrated in Fig. 1b and e. During periods of slight wind-power surplus during the heating season (Fig. 1b) , the PHS facilities could exploit offpeak wind power to pump water to the upper reservoirs and generate hydro power during periods of peak demand, reducing demand for conventional thermal generation. The benefit, however, is modest (indicated by the small blue 7 regions in Fig. 1b ) and is further limited when wind power is in surplus over several consecutive days. An example is 21 Jan to 25 Jan in Fig. 1b : at the outset the PHS facilities fill the upper reservoirs using excess wind power, but the stored water cannot be quickly exploited as there is little unmet load demand to balance in subsequent days. During the non-heating season (Fig. 1e) , wind surplus is more sporadic and PHS facilities are generally able to cycle pumping and generating on a daily basis. On days of no surplus wind power (e.g., 5-6 Sep), PHS tends to be idled since peak-valley differences of net electric load in these days are so small that the difference of marginal generation cost between peak time and off-peak time is not large enough to justify the operating cost of PHS. The benefits realized from the differences in the marginal costs for power generation during peak and off-peak load are insufficient to recover the efficiency loss during the PHS pumping-generating cycle.
Optimal capacities for PHS storage at each penetration level of wind power were investigated with two objectives: minimizing total cost for the entire WIM system (hereafter referred to as the cost-optimal case) and minimizing the unit cost for reduced unit CO 2 emissions (hereafter referred to as the CO 2 -optimal case), both measured against the BAU reference case. Results for the costoptimal and CO 2 -optimal cases are summarized in Table 2 . The cost effectiveness of PHS is affected by a variety of factors. On one hand, the benefits of PHS facilities in terms of reducing operational costs and providing ancillary services increase with increasing PHS capacity, but they approach saturation as the PHS capacity increases to a critical level. On the other hand, the capital investments and the O&M costs of PHS facilities increase in proportion to their total capacity. An optimal capacity for a PHS system is reached when marginal benefits decline to the level of its marginal costs. As summarized in Table 2 , with wind capacities of no more than 30 GW, the cost-optimal case requires 1.2 GW of PHS capacity, while deployment of 80 GW of wind capacity needs a PHS capacity of 3.6 of GW to minimize overall cost. The optimal capacity of PHS is usually higher in CO 2 -optimal cases than in the costoptimal cases for the same wind penetration levels, implying that PHS facilities offer greater benefits in CO 2 reduction than in economic cost.
WIND40+PHS+EB scenarios
EBs are introduced in the WIND40+PHS+EB scenarios to add an adjustable electric load and thereby introduce flexibility in the WIM power system to better accommodate wind-power variations and reduce curtailments. The UC model was used to simulate hourly dispatch of power generation and the synergistic operation of EBs in the future WIM power system at a set wind penetration Table 2 Total costs (US$ million) for combined power and heating systems in the WIM region in 2020 in the WIND+PHS scenarios, with values in brackets indicating the costs for reduction of CO 2 emissions (US$/ton).
Note: Numbers in red indicate values for the cost-optimal cases and numbers in blue for the CO 2 -optimal cases. level of 40 GW. EB capacities ranging from 0% to 50% of the peak heat load of the WIM region were introduced to supplement the CHP heat capacity. As illustrated in Fig. 1c , the results suggest that introducing EBs could significantly increase the capacity of the power system to accommodate wind power, notably during the aforementioned periods of continuous wind surplus when PHS facilities are ineffective. The effects of EBs in reducing curtailments of wind power were explored at three PHS capacity levels: 1.2 GW, 2.4 GW, and 3.6 GW. As illustrated in Fig. 4 , the curtailed wind power fraction declines with increasing capacities of EBs, independent of the PHS capacity.
The total costs for power generation and heating under the WIND40+PHS+EB scenarios were evaluated relative to the BAU reference case, and are summarized in Table 3 . EBs can lower minimum requirements for electric power outputs from CHPs by using essentially free, curtailed wind power to replace some of the heat load that would otherwise have to be served by CHPs. Flexibility of the entire power system would increase as a consequence. The benefits level off, however, once the free wind power is used up. As shown in Table 3 , the optimal capacity of EBs was found to be 30% of the maximum heat load with zero PHS capacity, and 20% for 1.2 GW, 2.4 GW, and 3.6 GW PHS capacities.
Similar results were found for the CO 2 -optimal capacities of EBs. As summarized in Table 3 , adding an EB capacity of 30% of the maximum demand for heat would realize the lowest costs for reduction of CO 2 emissions for all modeled PHS capacities. Deployment of EBs at the optimal capacity level would lower the costs for reduction in emissions of CO 2 from $25.3 per ton to $19.4 per ton in the zero PHS case, from $20.2 per ton to $16.0 per ton in the 3.6 GW PHS case.
Discussion
A simulation of year-round operations of the future WIM power system suggests that integrating large-scale wind power into its CHP-intensive system, absent other interventions, would result in significant curtailments of the contribution from wind. This is driven primarily by the inflexibility of CHP generation during the heating season, especially during periods when ambient temperatures are low and outputs of wind power are high. The combination of EBs and PHS were explored in this analysis over a range of wind power capacities, with additional emphasis on scenarios with a 40 GW wind capacity. The results suggest that deployments of EBs may provide a more cost-effective means than PHS to reduce curtailments of wind power, especially during periods of continuous wind surpluses, since they can better exploit otherwisecurtailed wind energy not only to produce useable heat but also to relax the operational constraints on CHPs. The optimal capacities for EBs were evaluated for different capacity levels of PHS. The costs of reducing CO 2 emissions in the WIM region could be as low as US $16.0 per ton, for a combination of EBs with a capacity of 30% of the peak heat load (or 6.2 GW) and a total PHS capacity of 3.6 GW.
Operations of EBs were considered using a simple model to make better use of the wind power surplus to produce heat. It should be noted that it is only economically effective to produce heat from wind power when it is in surplus, since EBs fueled by electricity from coal-fired power plants would have a lower overall efficiency in the coal-to-electricity-to-heat conversion than directly burning coal to produce heat and electricity simultaneously in CHP plants. A strategic use of EBs would entail jointly optimizing the power and heat supply systems to minimize combined costs for both systems.
To meet China's climate action plan in 2030, the installed wind power in China is expected to reach 400 GW in the 2030 [32] , four times the capacity installed at the end of 2014. The curtailment issue for wind power is expected to be more serious in this case. A number of configurations of PHS and EBs, in which the WIM power system can operate at least-cost to the system as a whole, were examined for different levels of total installed wind capacity. The results suggest that introduction of PHS and EBs could provide a means to improve the integration of wind power in a CHPdominated power system. To realize such an optimal result would require reform of the existing pricing mechanisms for electric power to ensure the profitability of proposed PHS and EB facilities. At present, power generators and grid companies in China trade electricity at flat, 24-hour rates. PHS facilities would inevitably lose money in this case due to the round-trip loss of energy associated with the pumping-generating cycle. Additionally, ancillary services provided by PHS and EBs, which are critical to system reliability, are not priced in the current pricing system. EBs were designed to take advantage of otherwise curtailed wind power which is available at zero incremental cost. Should the electricity used for EBs to produce heat be charged at retail prices, this option would be necessarily uneconomical and uncompetitive with the conventional heat produced from coal-fired boilers or CHPs. The study provides a basis from a technological perspective for design of real-time pricing mechanism for the entire power system including price-incentive policy for PHS and EBs facilities. Table 3 Total costs (US$ million) for combined power and heating systems in the WIM region in 2020 in the WIND40+PHS+EB scenarios, with values in brackets indicating the costs for reduction of CO 2 emissions (US$/ton).
Note: a The capacity of EBs in the scenarios is determined by percentages of maximum demand for heat in 2020 in the WIM region, translated to GW levels in brackets. Numbers in red indicate values for the cost-optimal cases and those in blue the CO 2 -optimal cases.
